The virulence of many pathogens depends upon their ability to cope with immune-generated nitric oxide (NO · ). In Escherichia coli, the major NO · detoxification systems are Hmp, an NO · dioxygenase (NOD), and NorV, an NO · reductase (NOR). It is well established that Hmp is the dominant system under aerobic conditions, whereas NorV dominates anaerobic conditions; however, the quantitative contributions of these systems under the physiologically relevant microaerobic regime remain ill defined. Here, we investigated NO · detoxification in environments ranging from 0 to 50 μM O 2 , and discovered a regime in which E. coli NO · defenses were severely compromised, as well as conditions that exhibited oscillations in the concentration of NO · . Using an integrated computational and experimental approach, E. coli NO · detoxification was found to be extremely impaired at low O 2 due to a combination of its inhibitory effects on NorV, Hmp, and translational activities, whereas oscillations were found to result from a kinetic competition for O 2 between Hmp and respiratory cytochromes. Because at least 777 different bacterial species contain the genetic requirements of this stress response oscillator, we hypothesize that such oscillatory behavior could be a widespread phenomenon. In support of this hypothesis, Pseudomonas aeruginosa, whose respiratory and NO · response networks differ considerably from those of E. coli, was found to exhibit analogous oscillations in low O 2 environments. This work provides insight into how bacterial NO · defenses function under the low O 2 conditions that are likely to be encountered within host environments.
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nitrosative stress | E. coli | microaerobic | Pseudomonas aeruginosa | kinetic modeling N itric oxide (NO · ) plays a critical role in mammalian innate immunity as a potent antimicrobial (1) (2) (3) , where its broad reactivity contributes to a diverse repertoire of cytotoxic effects including respiratory inhibition, thiol nitrosation, iron-sulfur cluster ([Fe-S]) destruction, DNA deamination, and tyrosine nitration/ nitrosylation (4, 5) . To cope with this stress, many pathogens harbor defenses to detoxify NO · and its reaction products, and repair NO · -mediated damage to biomolecules (6, 7) . Disruption of these defenses has been shown to attenuate virulence in many pathogenic species, such as Neisseria meningitides, Pseudomonas aeruginosa, Yersinia pestis, Mycobacterium tuberculosis, Vibrio cholerae, uropathogenic and enterohemorrhagic Escherichia coli (UPEC and EHEC, respectively), Staphylococcus aureus, and Salmonella enterica serovar Typhimurium (4, 6) , which underscores the importance of NO · to immune function and highlights microbial NO · defense networks as a promising source of targets for the development of next-generation antiinfectives (8) . This potential has inspired many investigations of bacterial NO · stress, from which major defense systems, such as NO · dioxygenase (NOD) (9, 10) and NO · reductase (NOR) (11, 12) , have been identified. NODs are widely distributed among different bacterial species (13) and provide protection from NO · under oxygenated conditions by catalyzing the reaction between NO · and O 2 to form nitrate (9, 10) . Although some studies have demonstrated that NODs can detoxify NO · under anaerobic conditions using an NOR function, the rate is orders of magnitude slower than the O 2 -dependent reaction and the physiological relevance is a matter of debate (14) (15) (16) (17) . In addition to an NOD, many bacteria also possess a separate NOR, which functions optimally under anaerobic conditions and complements the O 2 -dependent function of NOD (11, 12, 18, 19) . The contributions of these systems to NO · detoxification have been well studied under aerobic and anaerobic conditions (9-12, 15, 16, 20-23) , but how they coordinate to remove NO · under the intermediate microaerobic regime is less clear. The fact that O 2 tensions in vivo span the entire anaerobicaerobic spectrum, with ∼120-200 μM dissolved O 2 in the lungs, ∼50-130 μM in vasculature, ∼5-50 μM in tissue (muscle, liver, kidney, lymphoid tissues), and ∼0-100 μM in the gastrointestinal tract (24) (25) (26) (27) (28) (29) , underscores the importance of understanding bacterial NO · detoxification at all O 2 levels.
In E. coli, several studies have examined NO · stress under microaerobiosis (12, 30, 31) . Gardner et al. (12) measured growth of wild-type (WT), Δhmp, ΔnorV, and ΔhmpΔnorV E. coli in an environment with ∼5 μM O 2 and found that ΔhmpΔnorV was the slowest to recover, which suggested that both defense enzymes participate in NO · stress tolerance under low O 2 conditions. Two separate studies found that the duration of respiratory inhibition and growth arrest by NO · was inversely proportional to [O 2 ] in E. coli cultures (measured down to ∼25 μM O 2 ), although the cause was uncertain, and was suspected to be the result of reduced drive the Hmp NO · dioxygenation reaction (30, 31 Fig. S5C ). In addition, the AIC was lower for the new parameter set relative to the previous best fit, despite the penalty of including two additional optimized parameters (SI Appendix, Table S2 ). With the improved model performance, we sought to provide direct experimental support for an [O 2 ]-dependent translation rate. Using the model, an experimentally tractable in silico experiment was conducted whereby Hmp was replaced with GFP to allow real-time monitoring of protein expression from the Fig. S5C ). Although these simulation results were encouraging, the oscillations were not quantitatively accurate at 5 μM O 2 (incorrect amplitude, phase, and period), and they were absent from simulations at 10 μM O 2 . We therefore sought to identify the network components responsible for oscillations at 5 μM O 2 , and to determine whether any of the parameters governing those processes were preventing oscillations to occur in simulations at 10 μM O 2 . Using a reaction deletion analysis (Materials and Methods), we identified the minimal set of reactions necessary to sustain [NO · ] oscillations at 5 μM O 2 (SI Appendix, Table S4 ). In addition to NO · delivery and exchange of NO · and O 2 with the gas phase, reactions contributing to the oscillations were those associated with Hmp and the respiratory cytochromes (cytochromes bo, bd-I, and bd-II, abbreviated collectively here as CYT). Thus, the mechanism underlying the oscillatory [NO · ] dynamics was predicted to involve interactions between the O 2 -consuming activity of Hmp and CYT, the inhibitory effect of NO · on CYT, and NO · consumption by Hmp, as illustrated in Fig. 3A .
The minimal network suggested that the value of one or more parameters governing CYT and/or Hmp reactions was likely responsible for the absence of oscillations at 10 μM O 2 . Given that many of the parameters governing Hmp activity were among those being optimized, whereas the parameters dictating the inhibitory binding of NO · to the cytochromes were obtained from literature and thus fixed, the four parameters associated with the latter process (k CYTbo,NO·-on , k CYTbd,NO·-on , K m,CYTbo,O2 , and K m,CYTbd,O2 ) were relaxed and allowed to vary along with the previous set of Table S2 ), indicating that the improvement in sum of the squared residuals (SSR) outweighed the penalty of including additional parameters in the optimization (SI Appendix, Fig. S5D ). Fig. 3B ). In addition, we observed in silico that the oscillations could be eliminated through genetic deletion of either hmp or the cytochrome quinol oxidases (Fig. 3B) . Each of these three predictions was experimentally tractable, and therefore evaluated. (Fig. 3C) . The quantitative disagreement between simulations and experiments at longer times (beyond ∼4 h posttreatment) is likely the result of model parameters having been trained on the first ∼2.5 h of treatment at 10 μM O 2 , which may render extrapolations to long times, such as 15 h, less accurate. Removal of the CYT arm of the proposed oscillatory mechanism was achieved by deleting all E. coli cytochrome quinol oxidases (ΔcyoAΔappBΔcydB; ΔCYT) (Materials and Methods). Measurements of [NO · ] in a ΔCYT culture were in excellent agreement with simulations, including an elimination of oscillations (Fig. 3C) . Experimental confirmation of model- After confirming the predicted oscillating subnetwork, we investigated differences observed between model and experiment in the period, amplitude, and dampening of the [NO · ] oscillations ( Fig. 3 B and C) . The rapid changes in physiology during the oscillations are likely to be complex and difficult to predict given the parsimonious reaction rate equations used here for transcription and translation. One such effect could be periodic bursts in protein synthesis (e.g., Hmp, NorV) during the brief periods of respiratory relief, which could quickly shift the proteome and influence the rate of NO · detoxification. To determine whether translation during the oscillatory period was contributing to the [NO · ] dynamics, NO · treatment assays were performed with the addition of chloramphenicol (CAM) to halt translation before the start of oscillations (Materials and Methods). Oscillations were again observed; however, the amplitudes were increased and the damping was largely reduced in CAM-treated cultures compared with untreated controls (SI Appendix, Fig. S8 ). To assess the ability of the model to capture the dynamics of the Fig. S13 A and D, respectively) . Simulations were run using the best-fit parameter set (from optimization "stage 4"), with shading representing prediction uncertainty (range of viable parameter sets with ER < 10). Appendix, Fig. S8A) . The model was able to capture the measured [NO · ] dynamics for CAM-treated cultures far more accurately than those that retained translational activity during the oscillatory period, including much improved agreement in the period, amplitude, and rate of damping (SI Appendix, Fig. S8 ).
CAM addition (SI
Oscillations in the NO · Response Network of Pseudomonas aeruginosa.
Given that the metabolic stress response oscillator discovered here genetically requires only the co-occurrence of NOD and CYT activities, we performed a bioinformatics analysis of the KEGG database (34, 35) . We found that 777 different bacterial species harbor both NOD and CYT functions, and thereby have the capacity to exhibit oscillatory behavior analogous to that of E. coli. To provide experimental evidence that the oscillator can be found in diverse species, we chose to analyze the [NO · ] dynamics of P. aeruginosa cultures under low O 2 conditions. P. aeruginosa possesses an NOD [flavohemoprotein (Fhp)] and O 2 -consuming cytochromes, but the network differs considerably from that of E. coli because the Fhp sequence and structure are largely distinct from that of Hmp (<50% amino acid similarity) (42), P. aeruginosa is denitrifying (43, 44) , and encodes five aerobic terminal oxidases (Cyo, CIO, Cbb3-1, Cbb3-2, and Aa3) that differ in function (Cbb3-1, Cbb3-2, and Aa3 are cytochrome c oxidases), kinetics, and regulation from the three in E. coli (45) .
Initially, we investigated NO · detoxification dynamics of P. aeruginosa at 10 μM O 2 . Assay conditions were identical to those for E. coli, except cells were grown in basal salts media (BSM) with 15 mM succinate, a minimal media commonly used for P. aeruginosa (46, 47) , rather than MOPS [3-(N-morpholino)propanesulfonic acid] media with 10 mM glucose, which was used for experiments with E. coli. Treatment with 50 μM DPTA NONOate yielded an [NO · ] curve with a substantially higher peak (9.3 ± 0.5 μM) than was observed for E. coli (3.5 ± 0.1 μM) under the same O 2 environment, which can be attributed to the lower pH in BSM compared with MOPS media (7.0 and 7.4, respectively) (SI Appendix, Fig. S9 ). Although no oscillations were observed for 10 μM O 2 conditions, the faster rate of O 2 consumption exhibited by P. aeruginosa relative to E. coli (SI Appendix, Fig. S10 ) suggested that increasing the O 2 concentration may yield oscillatory behavior. The P. aeruginosa NO · treatment assay was therefore repeated at 50 μM O 2 , and NO · oscillations were observed (Fig. 4) . Analogous to experiments with E. coli, the [O 2 ] exhibited oscillations that were out of phase with those of [NO · ] (Fig. 4) . These data, which were collected from a bacterial species that is considerably distinct from E. coli, in media that supports a polar-opposite functioning of central metabolism than that used with E. coli (gluconeogenic compared with glycolytic), provides evidence that the stress response metabolic oscillations described here are broadly distributed. (Fig. 5 C and D) . The contribution of autoxidation remained relatively minor, accounting for a maximum of 8.7% of the total NO · consumption at ∼20 μM O 2 (Fig. 5C) . Escape of NO · to the gas phase peaked at 2.8 μM O 2 to account for ∼60% of the NO · consumed, and roughly aligned with a minimum in the combined participation of Hmp and NorV, which accounted for Other than finding that the oscillations were absent in anaerobic environments, the mRNA oscillations were not further investigated by the authors. The oscillations discovered here were metabolic (NO · and O 2 ), and using a model-guided approach, we dissected these oscillations and found that NOD and CYT were the essential genetic determinants for oscillatory behavior. The relatively modest requirements for oscillations in this stress response network extend its significance beyond E. coli, as any bacterial species possessing an NOD and O 2 -consuming cytochrome quinol oxidases could potentially exhibit this behavior. Indeed, a bioinformatics analysis of the KEGG database (34, 35) identified 777 bacterial species (spanning 327 genera and 18 phyla) that possessed both NOD and O 2 -consuming cytochrome quinol oxidase activity (Dataset S4), and we selected one of these species, P. aeruginosa, and found that it exhibited analogous oscillations to those found in E. coli.
The present study provides quantitative insight into E. coli NO · detoxification under physiologically relevant O 2 tensions that pathogens are likely to encounter within the host. Better understanding of bacterial NO · response networks and their vulnerabilities under physiologically relevant conditions will provide knowledge that could reveal strategies to disrupt these defenses, and thereby facilitate the development of a new class of antiinfectives that could help alleviate the rising threat of antibiotic resistance.
Materials and Methods
Bacterial Strains. E. coli K-12 MG1655 and P. aeruginosa PAO1 were used in this study. The Δhmp::kan R and ΔnorV::kan R E. coli mutants were constructed via P1 transduction of the mutation from the corresponding strain in the Keio Collection (56) . To construct the O 2 respiration-null mutant ΔCYT (ΔcyoAΔappBΔcydB::kan R ), the ΔcyoA::kan R mutation was first P1 transduced into the E. coli K-12 MG1655 background. The kan R resistance cassette, flanked by FLP recognition target (FRT) sites, was cured from the mutant by expressing FLP from the pCP20 plasmid (57), after which the ΔappB::kan R mutation was P1 transduced into the cured strain to yield the ΔcyoAΔappB::kan R double mutant. This process was repeated once more with the ΔcydB::kan R mutation to generate the ΔCYT triple mutant. Consumption of O 2 in ΔCYT cultures was measured and confirmed to be negligible (SI Appendix, Fig. S11 ). All mutations were confirmed with colony PCR, using two sets of primers for verification (SI Appendix, Table S5 ). detoxification. Predictions (dashed lines) were obtained using the best-fit parameter set, with shading (which is very small) representing prediction uncertainty (range of viable parameter sets with ER < 10).
Plasmids. The P hmp -gfp and IPTG-inducible P T5 -gfp plasmids were constructed in a previous study (36) . Briefly, the P hmp -gfp plasmid possesses a SC101 origin of replication (low copy) and a kan R resistance marker obtained from pUA66 (58) , and the P hmp promoter (250 nt immediately upstream of the hmp start codon) followed by the gfp coding sequence. The P T5 -gfp plasmid also possesses the SC101 origin of replication and kan R marker, as well as lacI q and IPTG-inducible P T5 promoter transferred from pQE-80L (Qiagen), with gfp expressed from P T5 .
Chemicals and Growth Media. Growth media used in this study was LB Broth (BD Difco), MOPS minimal media (Teknova) with 10 mM glucose as the sole carbon source for E. coli (abbreviated here as "MOPS media"), and BSM minimal media with 15 mM succinate as the sole carbon source for P. aeruginosa. Delivery of NO · was achieved using the chemical donor DPTA NONOate (Cayman Chemical), which releases two NO · molecules per parent compound. Antibiotics used were kanamycin (30 μg/mL) and CAM (100 μg/mL) (Fisher Scientific).
NO · Treatment Assays. A frozen −80°C stock of E. coli was used to inoculate 1 mL of LB media in a 14-mL glass test tube, and was grown for 4 h at 37°C and 250 rpm. A test tube containing 1 mL of fresh MOPS media was inoculated with 10 μL of the LB pregrowth culture, and was transferred to an incubated shaker within a hypoxic chamber (where all subsequent steps took place) to grow overnight (16 h) at 37°C and 200 rpm. The overnight culture was used to inoculate 20 mL of fresh MOPS media (equilibrated with the chamber atmosphere overnight) in a 250-mL baffled shake flask to an initial OD 600 of 0.01, and grown at 37°C and 200 rpm. When the flask culture reached an OD 600 of 0.2 (±0.02), an aliquot was quickly transferred to a bioreactor containing 10 mL of prewarmed (37°C) MOPS media, from which an appropriate volume was discarded immediately before culture addition, such that the final volume and OD 600 of the bioreactor culture was 10 mL and 0.05, respectively. Immediately after inoculation, the bioreactor culture was treated with 50 μM DPTA NONOate, and the concentration of NO · and/or O 2 was monitored continuously (≥1 reads per s) for the duration of the assay. The assay procedure was similar for P. aeruginosa, with a few notable differences. PAO1 cells from a −80°C were used to inoculate 1 mL of LB media, which was grown overnight (16 h) in a hypoxic chamber at 37°C and 200 rpm. In a 250-mL baffled shake flask, 20 mL of BSM plus 15 mM succinate was inoculated with 200 μL of the overnight LB culture, and was grown to midexponential phase (OD 600 = 0.2) before harvesting cells for DPTA NONOate treatment (which was also conducted in BSM plus succinate media). Dissolved [O 2 ] in the culture was measured using the fiber-optic FireStingO 2 robust miniprobe from PyroScience, also suspended ∼5 mm below the surface of the stirred culture in the bioreactor. A temperature probe (PyroScience) was suspended in the water bath to automatically account for any temperature fluctuations. The O 2 sensor was calibrated by allowing the signal to stabilize in cell-free media while the chamber was open to the atmosphere, to obtain the air-saturated reading. The air-saturated [O 2 ] for cell-free media (MOPS with 10 mM glucose or BSM with 15 mM succinate) was measured to be identical to that of deionized water at the same conditions (37°C), and was thus set to 210 μM O 2 (59) . The factory-set value was used for the zero-point (0% O 2 ) reading, as it was confirmed to be accurate when the chamber environment was anaerobic.
Cell Viability Measurements. CFUs were quantified before and during NO · stress at 5 and 10 μM O 2 conditions to assess whether a significant fraction of the cells were dying. A 10-μL sample was removed from the bioreactor immediately before DPTA NONOate treatment, and every half hour or every hour after treatment for 10 or 5 μM O 2 conditions, respectively, for a total of four samples. Each 10-μL aliquot was serially diluted in 1× PBS, delivered in 10-μL spots onto LB plus agar plates, and incubated overnight (16 h) aerobically at 37°C. Individual colonies were counted the following day to determine the number of CFUs per milliliter at each time point.
Translation Rate Quantification. The rate of translation was quantified by production of GFP via fluorescence measurements. Plasmids possessing gfp under control of the P hmp promoter or IPTG-inducible P T5 promoter were constructed in a previous study (36) , and transformed into Δhmp E. coli. The P hmp -gfp transformants were grown identically as described for the NO · treatment assay, dosed with 50 μM DPTA NONOate at 50, 10, and 5 μM O 2 , and 200-μL samples were removed every 30 min for 2 h to quantify GFP fluorescence (485-nm excitation, 515-nm emission). The procedure was identical for the P T5 -gfp transformants, except the culture was induced with 1 mM IPTG instead of treating with DPTA NONOate. Because cells were growing in the absence of DPTA NONOate treatment, samples were diluted with fresh MOPS media just before fluorescence measurements to maintain a constant OD 600 of 0.05. Hypoxic Chamber. All assays in this study were conducted within a vinyl hypoxic chamber with an anaerobic upgrade that was purchased from Coy Laboratory Products. The chamber environment for microaerobic experiments was maintained at the specified O 2 concentration to within ±0.05% O 2 (approximately ±0.5 μM dissolved O 2 in the culture media), with ∼2,000 ppm (0.2%) CO 2 , and the balance N 2 . For anaerobic experiments, a palladium catalyst (Coy Laboratory Products) was placed in the chamber to eliminate trace O 2 by reacting with H 2 gas, which was maintained at a level of ∼2.0%, with 0.2% CO 2 and the balance N 2 . The environmental O 2 concentrations reported in the text refer to the concentration of dissolved O 2 in cell-free media that was in equilibrium with the atmosphere of the hypoxic chamber (concentration after >24 h of exposure to atmosphere).
ΔCYT
Model Construction and Simulation. The E. coli NO · model was constructed (37) and further developed (36, 38) in previous studies. Briefly, the model is comprised of a system of ordinary differential equations (ODEs) describing the change in concentration of biochemical species (C) as a function of intensive reaction rates (r I ) and reaction stoichiometries (Ŝ):
Reaction rates are a function of species concentrations and kinetic parameters, which were either derived from existing literature, or estimated from experimental measurements in this study. A complete list of all species, reactions, and kinetic parameters in the model is provided in Datasets S1 and S2, and SI Appendix, Table S1 . Furthermore, an SBML version of this model was deposited in BioModels (60) and assigned the identifier MODEL1601140000. To facilitate experimental parameterization and validation of the model, the system was partitioned into intracellular and extracellular (growth media) compartments, assuming rapid diffusion of O 2 and NO · across the cell membrane (61, 62) (SI Appendix, Supporting Methods). Simulations were run by numerically integrating the system of ODEs in MATLAB R2014b (The MathWorks) using the ode15s function.
Model simulations and analyses were conducted on a Dell OptiPlex 780 desktop workstation with an Intel Core 2 Quad CPU processor at 2.66 GHz. Longer computations, such as parameter optimizations and MCMC parametric analyses, were run on the Princeton Adroit compute cluster, an eightnode Beowulf cluster with twenty 2.50-GHz Intel Ivy Bridge processors and 64-GB RAM per node.
Incorporation of [O 2 ] Term in Translation
Rate. The rate of protein production in the model was a function of the concentration of the associated mRNA transcripts:
where "Protein" is either Hmp, NorV, or NrfA, and "mRNA" is the encoding mRNA (mRNA hmp , mRNA norV , mRNA nrfA , respectively), and the form of the equation assumes that ribosomes are not limiting. 
Quantification of Relative Model Quality. 
The SSR was normalized (SSR′) by the experimental variance in [NO · ] at each time point:
However, for analyses and optimizations involving oscillatory [NO · ] dynamics, the SSR was not normalized, as small shifts in the phase of oscillations greatly increased the variance among experimental replicates within the oscillatory region of [NO · ] curves.
The AIC (63) was used to quantitatively assess the relative quality of fit among models (differing in parameter values and/or reaction network structure) (40) , which is a standard method that accounts for model-data agreement and parametric complexity to minimize underfitting or overfitting of the data (64) . For a given model i, the AIC was calculated (64) using the following equation: AIC i = n ln SSR i n + 2k, [6] where n is the number of experimental data points, and k is the number of parameters fit to experimental data plus one, to account for the estimation of SSR (64) . To account for the relatively small sample sizes that were at times encountered in this study [i.e., approaching less than ∼40 data points per varied parameter (64)], the corrected AIC (AIC c ) (65) was used (64):
AIC c,i = AIC i + 2kðk + 1Þ n − k − 1 .
[7]
References to "AIC" in the present study refer to this corrected form (AIC c ). The Akaike weight (or weight of evidence, w) of each model in a set of M models was calculated from the AIC c values (64):
where Δ i = AIC c,i -min(AIC c ). Using the Akaike weight of each model, their corresponding ERs were determined (66):
where w best is the weight of the best-fit (lowest AIC) model. The ER, which represents the likelihood of each model relative to the best-fit model (66) , was used to quantitatively compare models during the MCMC parametric exploration process, where models with an ER ≥ 10 were considered nonviable (SI Appendix, Supporting Methods) (40).
Parameter Optimization. Optimization of model parameters was accomplished using the MATLAB lsqcurvefit function, where specified parameters were allowed to vary within set bounds to minimize the SSR between simulated and experimentally measured data. Given the often high dimensionality and nonconvex nature of the optimizations conducted in the present study, each minimization process was repeated 2,000 times with random initial parameter values to improve coverage of the parameter space. In some cases, the viable parameter space was further explored by subsequently using an out-of-equilibrium adaptive Metropolis MCMC method (39) to identify additional parameter sets with similar or improved quality of fit compared with those identified from the initial optimization (SI Appendix, Supporting Methods). The relative quality of fit of the different parameter sets was evaluated using AIC, where optimized parameter sets were ranked according to their ER. The best parameter set (associated with the minimal SSR, and an ER = 1), as well as those exhibiting an ER less than 10 (i.e., at least 10% as likely as the optimal set), were retained as the viable parameter sets for that particular optimization.
Bioinformatic Analysis of KEGG Database. To estimate the number and diversity of bacterial species possessing NOD and O 2 -consuming cytochrome oxidoreductase activity, the KEGG database (34, 35) was searched for all unique bacterial species known to possess a NOD (EC 1.14.12.17) and either cytochrome bo or bd quinol oxidase (EC 1.10.3.-). The search yielded 485 species, spanning 167 genera and nine phyla (Dataset S4). Because truncated hemoglobins (trHbNs) have been found to exhibit NOD activity [e.g., the GlbN (51) and GlbO (67) proteins of M. tuberculosis and Mycobacterium leprae, respectively], the search was expanded to include trHbNs, resulting in a total of 777 bacterial species likely to possess both NOD and O 2 -consuming cytochrome quinol oxidase activity (Dataset S4).
Reaction Deletion (Model Reduction) Analysis. Random reactions were deleted one-by-one from the model, verifying after each deletion that the quality of fit was not compromised (quantified as maintaining an ER < 10), until no additional reactions could be removed. To avoid influence of the path taken (order in which reactions were deleted) on the final set of reactions obtained, the process was repeated 100 times, and the model with the least number of reactions was selected. Two different models were identified as the smallest (45 reactions, or 23% of the original 196 reactions), differing in only one reaction (one model possessed the NADH-mediated reduction of Hmp, whereas the other contained the NADPH-mediated variant) (SI Appendix, Table S4 ). The remaining reactions were then deleted individually, manually inspecting the resulting [NO · ] curve to determine which reactions eliminated oscillations upon removal. Reactions found to eliminate oscillations upon removal were NO · release from DPTA NONOate, exchange of NO · and O 2 with the gas phase, and reactions associated with Hmp, NorV, and CYT. However, simultaneous removal of all remaining NorV-associated reactions had no effect on the [NO · ] oscillations, further distilling the set of cellular reactions to include only Hmp and CYT (SI Appendix, Table S4 ).
